single mount at ambient temperature is challenging as it can be complicated and costly, and thus, development of an efficient sample holder is essential. In this study, we introduced a nylon mesh-based sample holder enclosed by a polyimide film. This sample holder can be rapidly manufactured using a commercially available nylon mesh with pores of a desired size at a low cost without challenging technology. Furthermore, this simple device is highly efficient in data acquisition. We performed FT-SFX using a nylon mesh-based sample holder and collected over 130,000 images on a single sample holder using a 30 Hz X-ray pulse for 1.2 h. We determined the crystal structures of lysozyme and glucose isomerase using the nylon mesh at 1.65 and 1.75 Å, respectively. The nylon mesh exposed to X-rays produced very low levels of background scattering at 3.75 and 4.30 Å, which are negligible for data analysis. Our method provides a simple and rapid but highly efficient way to deliver samples for FT-SFX.
, LCP (lipidic cubic phase) injectors 5 , acoustic injectors 6 , or viscous media [7] [8] [9] [10] , have been developed. Fixed-target serial femtosecond crystallography (FT-SFX) can be advantageous over other methods because it delivers crystals stably and can dramatically reduce sample consumption with a high hit rate [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . In addition, while sample delivery using a common injector involves physical impact on the crystal sample, crystal size filtering, and pressure during loading, the fixed-target method avoids such physical damage during crystal preparation 28 . FT-SFX experiments may be performed at both cryogenic and ambient temperatures 28 . At room temperature, crystals in the sample holder may get dehydrated during data collection 14, 29, 30 . This may be overcome by using strategies to maintain the humidity of the surroundings 28 , such as continuous flow of humidified gas 14 , or surrounding in a viscous grease or oil 20 , or sealing the sample holder with a film 13 . At cryogenic temperature, crystal sample can be stored more straightforwardly by flash-freezing 14, 31 . However, this temperature provides a less realistic conformational flexibility for protein function than room temperature 32 . The fixed-target method can be divided into two approaches, one using a multi-shot goniometer approach using larger crystals, and the other using a multiple microcrystal approach 28 . The multi-shot goniometer method exposes X-rays to renew volumes each time on a large crystal sample 28 . In this strategy, raster, helical, oscillation, and grid data collection methods have been applied for FT-SFX 17, 28 . Among them, combination of translation and rotation of crystals, using a goniometer, has been considered useful for the purpose of collecting room-temperature data or for reducing the dose of X-rays exposed to a crystal sample 28 . For example, when X-rays are incident on a large crystal sample, diffraction data are collected while the crystal rotates by 0.1 to 0.5° using a goniometer 16, 17, 22, 25 . After data collection, the X-ray exposure site in the crystal is translated into renew crystal volumes that were not exposed to X-rays earlier, and hence, the crystal is immediately rotated by the goniometer and diffraction data collected 16, 17, 22, 25 . Collecting data for more than 11° of oscillation helps to resolve indexing ambiguities in initial data processing 17 . Moreover, rotation of crystals during data collection is useful for enhancing the data completeness, when the crystal sample is placed in the sample holder with the preferred orientation 17 . Multiple microcrystal approach refers to a method of collecting diffraction data by exposing X-rays to each crystal sample only once 28 . In order to continuously provide a large number of crystals to the X-ray interaction point in a fixed state, a sample holder capable of supporting many crystals is required. The sample holder should be so designed that the crystal sample can be deposited stably and is uniformly distributed to reduce chances of multi-crystal hit by X-rays 14, 19, 21, 29, 31 . Moreover, the material or design should minimize background scattering, generated when X-rays are transmitted through the sample holder 29, 31 . Currently, various sample holders, such as silicon nitride 11, 18, 24 , silicon chips 26 , microfluidic chips 21 , and microgrids 17, 19 are being used for the development of serial crystallography and are successfully implemented in FT-SFX. However, the processes of precise chip fabrication for silicon nitride, silicon chip, and microfluidic chip are challenging and time-consuming 15, 21 . In case of micro-grid, it is necessary to change the sample several times while collecting full data since the chip area to accommodate crystals is small 17, 19 . Moreover, these sample holders may require suitable mounting holes each time depending on the size and shape of crystals for the stable deposition of crystals. Recently, FT-SFX has been performed by placing a crystal sample between Mylar films without a chip to simplify this process 15 . Nevertheless, it remains to challenge to place the crystal in the holes to prevent the sample-slippage problem. Accordingly, a convenient sample-holding method that resolves the limitation described above should be developed to facilitate experimental access in FT-SFX.
A nylon polymer consists of a polyethylene segment (CH 2 ) n separated by a parallel or anti-parallel peptide unit (NH-CO) 33 . These peptide units generate hydrogen bonds between the polymer chains, which imparts the inherent properties of nylon 33 . Among various applications of nylon materials, nylon loops are widely used to mount crystal samples in single crystal X-ray diffraction experiments 34 . This loop provides extremely stable support for crystal samples, and the nylon material produces insignificant X-ray background scattering 34, 35 . Owing to this low background scattering, we hypothesized that X-ray-transparent nylon could be used as a sample-holding material for FT-SFX for raster scanning. On the other hand, the larger nylon mesh (pore size: 1.0 mm × 0.9 mm) in the crystal extractor device, used in the hybrid method, has been applied in SFX experiment previously 36 . Here, we introduce a nylon mesh-based sample holder enclosed by a polyimide (as known as Kapton) film for FT-SFX and describe the sample loading method. We performed FT-SFX using the nylon mesh-based sample holder at the Pohang Accelerator Laboratory X-ray Free Electron Laser (PAL-XFEL) and determined the crystal structures of lysozyme and glucose isomerase at 1.65 Å and 1.75 Å, respectively. We analyzed diffuse X-ray scattering from the nylon mesh and discussed the advantages of our method. Our results are applicable not only to FT-SFX but also to serial diffraction data collection using a synchrotron.
Results and Discussion
Fabrication scheme for the nylon mesh enclosed by polyimide for crystal mounting. Nylon generates low-level X-ray scattering and is widely used as a loop material for crystal sample mounting in synchrotron-based X-ray crystallography experiments 11 . When the nylon loop is used as the FT-SFX sample holder, the crystal sample sinks downward by gravity if the holder is set up vertically for X-ray exposure. To overcome this, we used a nylon mesh, and each crystal was seated on a mesh pore to prevent it from sinking. When a crystal sample placed on a mesh is exposed to the atmosphere, the crystallization solution eventually evaporates. This could damage the crystal lattice and reduce the diffraction intensity. Additionally, the salt contained in the crystallization solution may crystallize. In this case, salt crystals exposed to X-rays can generate a strong salt Bragg peak and reduce data quality. Furthermore, dehydration of the crystal sample can change the crystal space group 37 . To prevent the evaporation of the crystal solution, we enclosed the front and back of the nylon mesh in thin polyimide films (Fig. 1a) . Accordingly, we fabricated a sample holder based on nylon mesh enclosed by a polyimide film.
In our FT-SFX system, the holder for mounting the sample delivery chip was made of acrylic ( Supplementary  Fig. S1 ), which was mounted on a motion stage. The acrylic holder can be equipped with a 30 mm × 30 mm sample holder. We fabricated a nylon mesh-based sample holder of the same size. For easy handling during sample loading and mounting on the acrylic holder, a thin polyimide film (25 μm) to enclose the nylon mesh was surrounded by a 5 mm (width) × 0.3 mm (thickness) PVC frame. The thin polyimide film and PVC frame were attached using 5 mm wide double-sided adhesive polyimide tape (Fig. 1a) . The nylon mesh (20 × 20 mm) was placed inside the PVC frame of the polyimide film. Double-sided adhesive polyimide tape was attached between the polyimide films to prevent evaporation of the solution (Fig. 1a) . In this experiment, we used a nylon mesh of 20 × 20 mm with 60 μm mesh pores (Fig. 1b) . When raster scanning was performed at 50 μm intervals, 400 points were scanned horizontally and vertically. The setup was designed to collect a total of 160,000 diffraction images from a single nylon mesh chip (Fig. 1c) . Nylon mesh-based sample holder can be mounted within few seconds on an acrylic mount connected to the stage, which can in turn be accomplished within approximately 3 min. Taken together, the process of mounting the sample holder and preparing the sample for scan occurs very quickly in our system. www.nature.com/scientificreports www.nature.com/scientificreports/ Sample loading. We placed the polyimide film with the PVC frame facing up and placed the nylon mesh inside the PVC frame (Fig. 2a) . The protein crystal solution (80 μl) was dispensed on the nylon mesh (Fig. 2b) . When the crystal solution was spread evenly using a pipette, the crystallization solution immediately dropped to the bottom of the nylon mesh, and the crystal sample was placed in the mesh hole together with the solution (Fig. 2c) . To prevent evaporation of the crystal solution, a nylon mesh with crystals was immediately covered with a polyimide film on the upper layer (Fig. 2d) . The crystal solution was sealed between the upper and lower polyimide films using double-sided adhesive polyimide tape to prevent evaporation (Fig. 2d) .
To minimize background scattering from the crystal solution, we initially sealed the polyimide film after spreading a 40 μl volume of the solution in as thin a layer as possible. However, despite the short duration of crystal solution spreading (within 1 min), salt crystals often formed in samples with a high salt concentration in the crystallization solution. To delay the evaporation of the crystal solution, we increased the loading volume to 80 μl, in which case salt from the solution was not crystallized. The crystal solution mainly surrounds the crystal within the mesh hole or lies between the mesh and the polyimide film. Once the nylon mesh is sealed inside the polyimide film, the crystal samples did not dry out after a day.
When the crystal solution was applied and spread onto a nylon mesh, most of the crystals were in the mesh pores ( Supplementary Fig. S2) . A diffraction pattern analysis showed that the crystals lying on the mesh are accompanied by background scattering from the nylon (Supplementary Fig. S2 ). This scattering was negligible for analyses of diffraction data. We evaluated the proper nylon mesh pore size for the lysozyme (30-40 μm) and glucose isomerase (<60 μm) solutions. Crystal suspensions were dispensed onto nylon mesh pores of 20, 30, 60, A thin polyimide film is covered to prevent dehydration of the crystal sample and crystal solution. There is a double-sided adhesive polyimide tape between the two polyimide films. Microscope view of (e) lysozyme and (f) glucose isomerase on the nylon mesh.
www.nature.com/scientificreports www.nature.com/scientificreports/ and 100 μm to screen the size at which the crystals were well placed on the mesh pores ( Supplementary Fig. S3 ). Both crystal samples were relatively uniformly distributed on a nylon mesh with a 60 μm pore size (Fig. 2e,f) . On the other hand, smaller crystals also can be placed on the mesh pore in the same way. However, in this case, multiple crystals can happen to be placed on single mesh pore, causing multiple crystal hits when the X-ray passes through. This can interfere with data processing. Therefore, for a small crystal sample, a nylon mesh with a pore size slightly larger than the crystal size will be required for mounting the single crystal in each mesh pore.
Observation of the nylon mesh enclosed with polyimide after XFEL penetration. After XFEL data collection, we observed the nylon mesh enclosed in the polyimide film (Fig. 3) . There was a hole in the surface of the polyimide film, indicating the site of focused XFEL penetration (Fig. 3a) . During data collection, we set the stage to be mechanically raster-scanned at 50 μm intervals. Distance between the holes on the polyimide film, passing through the XFEL, was 50 μm (Fig. 3a) , which was identical to the distance programmed in our FT-SFX system. The beam size after focusing using the KB mirror at the sample position was 4 × 8 μm (FWHM), and the size of the surface hole of polyimide generated by XFEL penetration was approximately 6 × 10 μm ( Supplementary  Fig. S4 ). We also observed that a bubble formed inside the mesh hole enclosed by polyimide films at the location where the XFEL passed (Fig. 3b) . After X-ray data collection, high-temperature macromolecular crystals suddenly release gas bubble by radiation damage 38 . Similar observations have been made in cryo-EM, indicating the formation of molecular hydrogen bubbles in irradiated organic samples 38, 39 . Bubbles were only observed in the mesh pores of the X-ray transmitted region ( Supplementary Fig. S5 ), suggesting that bubbles resulted from gas emission due to radiation damage of the crystal sample or crystal solution after the XFEL passed.
Data collection and structural analysis of FT-SFX using the nylon mesh sample holder. To demonstrate the application of the nylon mesh-based sample holder, we performed an FT-SFX experiment using lysozyme and glucose isomerase crystals as model samples. Diffraction data were collected by the raster scanning method at room temperature. Full width XFELs generate through-holes and crater radii that are larger than the focused beam size 15 . To avoid exposure of the surrounding crystal samples to physical alterations when XFEL passes the sample holder, we performed raster scanning at 50 μm intervals. The maximum available area for a nylon mesh chip, using our setup, is 20 mm × 20 mm, and it can collect a maximum of 160,000 images. We collected diffraction data at approximately 1 mm distance from the PVC frame. We used XFEL pulses with a 30 Hz repetition of a 20 fs pulse width for a photon energy of 9.7 keV with a photon flux of ~5 × 10 11 photons per pulse. For the lysozyme dataset, we obtained 133,107 images over 1.24 h. Using the Cheetah program, we obtained 118,985 images with observed diffraction with a hit rate of 89.39%. After optimization of the detector geometry, we obtained 80,177 indexed images with an indexing rate of 67.38% (Supplementary Fig. S6 ). Most diffraction images showed a single crystal diffraction pattern, but multiple hits also existed. Among the total indexed lysozyme images, 14.3% of images contained diffraction patterns of multiple crystals. Post-refinement was performed using partialator in CrystFEL, and the diffraction data for up to 1.65 Å were used. The overall signal-to-noise ratio and completeness were 6.61 and 100%, respectively. Overall R split and CC* were 10.28 and 99.62%, respectively. The final model was refined to 1.65 Å, while R work and R free were 19.93% and 22.75%, respectively. The electron density map of lysozyme was very clear for the interpretation from Lys1 to Leu129, excluding the C-terminus (Fig. 4a) . The lysozyme structure obtained by FT-SFX using the nylon mesh showed similarity with the lysozyme structure obtained at room temperature using a gas dynamic virtual nozzle (PDB code 4ET8) 40 , a droplet injector (5DM9) 41 , and polyacrylamide (6IG6) 9 with an r.m.s. deviation of 0.130-0.197 Å for all Cα atoms ( Supplementary Fig. S6 ). A structural analysis revealed clear disulfide bonds in the electron density map of lysozyme, indicating no radiation damage (Supplementary Fig. S7 ).
For the glucose isomerase dataset, we obtained 134,325 images over 1.24 h. Applying the same data processing used for the lysozyme dataset, we obtained 79,805 images with observed diffraction with a hit rate of 59.41%. Fig. S8 ). Among the total indexed glucose isomerase images, 10.8% of images contained diffraction patterns of multiple crystals. The diffraction data for glucose isomerase at up to 1.75 Å were used. The overall signal-to-noise ratio and completeness were 4.03 and 100%, respectively. Overall R spirt and CC* were 21.63 and 98.12%, respectively. The final model was refined to 1.75 Å, while R work and R free were 18.18% and 20.30%, respectively. The electron density map of glucose isomerase was very clear for the interpretation from Tyr3 to Gly388 (Fig. 4b) . The glucose isomerase structure obtained using the nylon mesh showed similarity with glucose isomerase at room temperature using a grease matrix (PDB code 4W4Q) 8 with an rms deviation of 0.274 Å for all Cα atoms ( Supplementary Fig. S9 ). To recognize and activate the substrate in glucose isomerase, the two metal binding sites in the active site must be occupied by active metals, such as Mg 2+ or Mn 2+ 42,43 . For the structure of glucose isomerase using the grease matrix, the M2 site (catalytic site) was refined with Ca 2+ ions, and there was no metal at the M1 site (substrate recognition) (Supplementary Fig. S9 ). As a result, this structure was close to the inactive form because there was no metal in the M1-recognizing substrate and there was a Ca 2+ metal in the M2 site, which is irrelevant to activity. In contrast, our glucose isomerase structure using nylon mesh exhibited a clear two-metal binding mode with Mg 2+ bound to both M1 and M2 of the active site, indicating the functional active form (Supplementary Fig. S9 ). This structural difference may be attributed to the method for preparing the crystal sample rather than a difference in the sample delivery method.
Analysis of background scattering from the nylon chip enclosed by a polyimide film. In addition to successfully determining crystal structures using nylon mesh enclosed by polyimide films, we further analyzed background scattering from the nylon material for more efficient applications. The raster scan was set at 50 μm intervals to avoid affecting the surrounding crystal as the X-ray passes through. On the other hand, 60 μm mesh pore refers to the size for holding the crystal stably. As a result, during raster scanning, XFEL penetrates both the mesh pore as well as the nylon mesh. We classified the diffraction images into four distinct background scattering patterns. The first background scattering pattern was observed at 3.75 and 4.30 Å in both directions relative to the beam center (Fig. 5a ). This pattern indicates the X-ray scattering of nylon that appears when a typical fiber is exposed to X-rays 44 . The directions of both scattering points are parallel to the actual nylon fiber axis. The second pattern is a 90° rotated version of the first pattern, indicating that the direction of the nylon fiber is rotated 90° (Fig. 5b) . The third background scattering pattern is observed in four directions with respect to the beam center (Fig. 5c) . This is the location where two nylon fibers intersect in the mesh. The fourth pattern is the nylon-free image, which is transmitted through the nylon mesh pore (Fig. 5d) . The expected nylon transmission positions for the four diffraction patterns are shown in Fig. 5e . The scattering intensity of nylon at 3.75 and 4.30 Å was approximately 600 AUD (Fig. 5f) . In comparison to the data passing through the mesh pore, the scattering intensity in the actual nylon corresponds to approximately 200 ADU. This is a low level of scattering, with no effect on data processing. All images had background scattering of more than 400 ADU at low resolutions of below 4 Å, which corresponds to background scattering from beam stops, polyimide films, and air. In this experiment, we collected diffraction data in the atmosphere with a nylon mesh enclosed in 25 μm polyimide films. In the future, thinner polyimide or Mylar films can be used to collect data in helium environment to reduce background scattering in the low-resolution area of the diffraction data. Moreover, we used a PVC frame with a thickness of 300 μm in this experiment, whereas thickness of the crystallization solution containing the nylon mesh was about 250 μm. To reduce background scattering from the crystallization solution, the thickness between polyimide films can be reduced by using a commercially available thinner PVC plate when preparing the sample holder.
Conclusion
We performed an FT-SFX experiment using a nylon mesh to facilitate FT-SFX. The newly developed nylon mesh-based sample holder for FT-SFX has several advantages. (1) Nylon is an X-ray transparent material that produces a weak scattering intensity. Because it does not refract X-rays, unlike silicon, it can be used without a risk of detector damage. (2) Since the negligible background scattering produced by nylon has little impact on the quality of diffraction data, rapid data acquisition by raster scanning is possible, without special sample holder alignment. (3) Since nylon meshes with a variety of pore sizes can be purchased commercially at a low cost, high selectively depending on the size and shape of the crystals is possible. Although we successfully performed www.nature.com/scientificreports www.nature.com/scientificreports/ FT-SFX using a nylon mesh, we can improve the quality of diffraction data by removing the X-ray scattering of nylon. We are currently developing an image processing method that allows the XFEL to pass through only the pores of the nylon mesh when performing FT-SFX.
Methods
Sample preparation. Lysozyme powder from chicken egg white was purchased from Hampton Research (Cat No. HR7-110; Aliso Viejo, CA, USA) and dissolved in 10 mM Tris-HCl, pH 8.0, to a final lysozyme concentration of 50 mg/ml. Lysozyme was crystallized using a solution containing 0.1 M sodium acetate, pH 4.0, 6% (w/v) polyethylene glycol 8000 and 200 M NaCl. Glucose isomerase from Streptomyces rubiginosus was purchased from Hampton Research (Cat No. HR7-102). Glucose isomerase (33 mg/ml) was stored in a solution containing 6 mM Tris-HCl, pH, 7.0, 0.91 M ammonium sulfate, and 1 mM magnesium sulfate, and yielded glucose isomerase crystals of various sizes. Crystals in the glucose isomerase solution were used directly, without separate crystallization experiments. The crystal sizes of lysozyme and glucose isomerase used in the experiments were 20-30 μm and <60 μm, respectively.
Fabrication of the nylon mesh-based sample holder. A nylon mesh with a mesh pore size of 60 μm was purchased from Merck (Cat. No. NY6004700; Burlington, MA, USA). The 25 μm polyimide film was purchased from Covalue Youngjin Co. (Daegu, Republic of Korea). The polyimide film was fixed to a PVC (Crenjoy, Seoul, Republic of Korea) frame using double-sided adhesive polyimide tape (Daehyunst, Hwasung, Republic of Korea). The nylon mesh was placed on a polyimide film, and an 80 μl volume of crystal solution was loaded evenly using a pipette. Thereafter, the polyimide film was immediately covered and the two polyimide films were enclosed using a double-sided adhesive polyimide film.
Data collection. The FT-SFX experiment using the nylon mesh with X-ray pulses was performed at the NCI (Nano Crystallography and Coherence Imaging) experimental hutch at PAL-XFEL 45, 46 . The X-ray energy was 9.7 keV (1.2782 Å) with a photon flux of ~5 × 10 11 photons per pulse within a 20 fs duration. The X-ray pulse was focused to 4 (horizontal) × 8 (vertical) μm 2 (FWHM) using a Kirkpatrick-Baez mirror 47 . The data were collected in atmosphere at room temperature and recoded using the MX225-HS (Rayonix, LLC, Evanston, IL, USA) detector with a 4 × 4 binning mode (pixel size: 156 μm × 156 μm). The motion stage for FT-SFX was designed to allow raster scanning of up to maximum 60 Hz beam that is provided by PAL-XFEL, and was custom-built by SmartAct. We used piezo SLLV42 (SmartAct) and SLL12 (SmartAct) actuator for translation in the horizontal and vertical directions, respectively. During the raster scanning, the acrylic support containing the nylon mesh sample holder was translated within 18 mm in both vertical and horizontal directions using a piezo linear stage in the sample chamber. This scanning stage is motioned by remote control system, without synchronization for the arrival FEL pulses. A raster scan for sample holder was performed from the top to the bottom direction. The sample holder containing the crystals was scanned at 50 μm intervals from left to right, and then moved to the bottom by 50 μm. www.nature.com/scientificreports www.nature.com/scientificreports/ Next scan was performed from right to left at 50 μm intervals, and then moved to the bottom by 50 μm. These raster scanning motions were repeatedly performed to collect full dataset. The velocity of the sample holder mounted in the motion stage was 1.5 mm/s for both horizontal and vertical directions. Diffraction data through raster scanning was performed in ambient pressure at room temperature.
Data processing and structure determination. The diffraction pattern was monitored using OnDA 48 . The hit images were filtered using Cheetah 49 . The diffraction images were indexed, integrated, merged, and post-refined using CrystFEL 50 . The phasing of the lysozyme was obtained by molecule replacement using the Phaser-MR in PHENIX 51 with lysozyme (PDB code 6IG6) 9 as the search model. The phasing of glucose isomerase was obtained by molecule replacement using the Phaser-MR in PHENIX 51 with glucose isomerase (PDB code 5Y4J) 43 as the search model. Model building and refinement were performed using Coot 52 and Phenix.refinement in PHENIX 51 , respectively. The geometry of the final model was validated using MolProbity 53 . Figures were generated using PyMOL (available at https://pymol.org/). The data collection and structural refinement statistics are shown in Table 1 . . c R work = Σ||F obs | − |F calc ||/Σ|F obs |, where F obs and F calc are the observed and calculated structure-factor amplitudes respectively. R free was calculated as R work using a randomly selected subset (10%) of unique reflections not used for structure refinement.
